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INTRODUCTION 


During  the  past  four  years  we  have  been  engaged  in  research  on  the 
processing  of  oxide  dispersion  strengthened  (ODS)  metals.  We  have  conducted 
research  on ‘the  fundamental  variables  of  mechanical  alloying  and  used  this 
knowledge  to  synthesize  a  variety  of  different  kinds  of  alloys.  The  main 
thrust  of  our  work  has  been  on  the  development  of  dispersion  strengthened 
aluminum  alloys  by  mechanical  alloying.  We  have  developed  techniques  for 
producing  fine  oxide  and  carbide  dispersions  in  aluminum  by  mechanical 
alloying  and  have  produced  test  material  from  powders  using  vacuum  hot  pressing 
and  hydrostatic  extrusion.  We  have  studied  the  structure  of  these  materials 
using  transmission  electron  microscopy  and  have  shown  that  the  oxide  and 
carbide  dispersoids  which  form  during  mechanical  alloying  are  amorphous  in 
form  and  become  crystalline  only  after  subsequent  heating.  We  have  also 
studied  the  mechanical  properties  of  these  materials  and  found  that  they 
exhibit  excellent  strengths  at  elevated  temperatures.  In  addition  we  have 
studied  the  deformation  processing  of  ODS  Ni  base  alloys  and  have  found  that 
germinative  grain  growth,  which  is  so  important  in  these  materials,  is  most 
likely  initiated  by  the  growth  of  embryos  found  in  as-hot  worked  structures. 

In  Section  II  of  this  Report,  the  principal  findings  of  our  research 
are  briefly  reviewed.  This  work  is  described  in  more  detail  in  the  previous 
Interim  Scientific  Reports  and  in  the  papers  which  have  been  and  are  being 
published.  The  work  completed  during  the  final  year  of  this  project  is 
described  in  more  detail  in  Section  III  of  this  Report. 


II.  SUMMARY  OF  RESEARCH  ACCOMPLISHMENTS  .DURING  THE  PAST  FOUR  YEARS  (1976-80) 

The  purpose  of  this  research  has  been  to  develop  a  better  understanding 
of  the  synthesis  and  processing  of  ODS  alloys.  This  work  was  motivated  by  the 

t 

knowledge  that  the  properties  of  ODS  alloys  depend  very  sensitively  on 
processing,  which  in  turn  is  very  poorly  understood.  Most  of  what  is  known 
about  processing  does  not  appear  in  the  open  literature,  with  the  consequence 
that  attempts  to  make  and  use  these  interesting  materials  is  often  met  with 
failure. 

Two  areas  of  research  were  identified  for  fundamental  study:  Mechanical 
Alloying  and  Deformation  Processing.  Since  the  development  of  mechanical 
alloying  by  Benjamin  about  10  years  ago,  no  basic  university  research  had  been 
done  on  the  process.  Our  work  is  still  the  only  academic  work  in  the  United 
States  along  these  lines.  In  the  field  of  deformation  processing  a  great  amount 
of  industrial  research  has  been  done,  but  most  of  this  has  been  directed 
toward  the  development  of  specific  ODS  alloys  rather  than  toward  the  elucidation 
of  fundamental  mechanisms  associated  with  processing.  Our  work  has  been  focused 
mainly  on  mechanism  of  gerrainative  grain  growth  and  the  structural  cuase  of 
this  process. 

Mechanical  Alloying 

We  have  made  a  number  of  studies  of  the  basic  stages  of  the  mechanical 
alloying  process,  including  cold  welding,  fracturing  and  the  balance  between 
these  to  produce  steady  state  processing.  We  have  found  that  the  steady  state 
processing  can  be  characterized  by  equiaxed  powder  particles,  a  constant 


particle  size  distribution  and  a  saturation  hardness.  Our  work  has  shown  the 
importance  of  the  lubricant  in  controlling  the  balance  between  cold  welding 


and  fracturing.  This  was  known  prior  to  our  work  but  its  importance  had  not 
been  emphasized  in  the  open  literature.  Indeed,  we  have  shown  that  mechanical 
alloying  cannot  be  accomplished  if  cold  welding  is  not  inhibited. 

One  of  the  remarkable  features  of  mechanical  alloying  is  that  extremely 
fine  mechanical  mixtures  can  be  produced  in  a  very  short  period  of  time. 

Indeed  the  layer  dimensions  within  mechanically  alloyed  (MA)  powders  can 
approach  atomic  dimensions  after  a  short  while  in  a  high  speed  shaker  mill. 

We  have  shown  how  this  results  from  the  geometric  multiplication  of  layers 
when  powder  particles  are  continually  fractured  and  re-welded  to  each  other. 

We  have  found  that  the  organic  lubricant  used  in  the  mechanical 
alloying  of  aluminum  has  two  functions.  The  first  is  to  facilitate  mechanical 
alloying  as  discussed  above,  and  the  second  is  to  supply  carbon  to  the  material 
for  the  formation  of  aluminum  carbide.  We  have  shown  that  aluminum  carbide 
particles  make  a  substantial  contribution  to  the  strength  of  MA  aluminum 
alloys. 

Our  research  has  shown  that  cold  welding  during  mechanical  alloying  can 
be  delayed  by  lowering  the  milling  temperature.  We  are  not  aware  of  any  other 
reports  of  this  effect.  This  finding  is  important  because  it  provides  a 
technique  to  accomplish  mechanical  alloying  without  adding  extraneous  organic 
material.  We  have  used  this  technique  to  make  a  number  of  different  materials 
by  mechanical  alloying. 

In  the  course  of  our  study  of  mechanical  alloying  of  aluminum  it  became 
apparent  that  the  technique  could  be  used  to  synthesize  other  materials.  In 
a  related  research  project  we  have  used  the  mechanical  alloying  process  to 
make  fine  mechanical  mixtures  of  Nb  and  Sn  in  powder  form.  When  these  powders 
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are  combined  with  Cu  powders  and  consolidated  into  wire  by  hydrostatic 
extrusion  or  wire  drawing,  and  then  heated  to  a  high  temperature,  a  super¬ 
conducting  wire  is  formed.  We  have  also  used  the  mechanical  alloying 
process  to  make  Ni-Al  alloys  and  to  create  very  fine  dispersions  of 
within  the  microstructure  of  Ti-6A1-4V  .  The  purpose  of  this  latter  work 
was  to  use  t0  sta^ilize  the  grain  size  of  the  superplastic  titanium  alloy. 

Development  of  a  New  Kind  of  Dispersion  Strengthened  Aluminum  Alloy 

by  Mechanical  Alloying 

One  of  the  principal  objectives  of  this  research  program  has  been  to  use 
mechanical  alloying  to  develop  a  new  kind  of  dispersion  strengthened  aluminum. 
Based  on  our  knowledge  of  sintered  aluminum  powder  (SAP)  materials,  we 
reasoned  that  mechanical  alloying  of  aluminum  would  result  in  the  formation  of 
an  extremely  fine  dispersion  of  oxide  within  the  metal.  We  assumed  that 
this  would  occur  naturally  as  the  freshly  exposed  surfaces  of  the  powder 
particles  oxidize  and  become  embedded  into  the  powder  by  cold  welding. 

Our  work  has  shown  that  very  uniform  dispersions  of  particles  are  formed 
in  aluminum  by  mechanical  alloying.  As  noted  above,  some  of  these  particles 
are  aluminum  carbides  when  organic  lubricants  are  used  in  the  processing. 

The  size  and  spacing  of  these  particles  is  almost  on  the  same  scale  as  the 
precipitates  which  form  in  precipitation  hardened  alloys.  As  a  consequence, 
the  yield  strengths  of  these  materials  are  quite  high.  However,  the  most 
impressive  mechanical  properties  are  found  at  high  temperatures.  The 
dispersion  strengthened  aluminum  we  have  made  is  considerably  stronger  than 
SAP,  even  though  our  material  contains  a  much  smaller  amount  of  the  dispersoid 
phase.  We  have  characterized  the  impressive  high  temperature  mechanical 
properties  of  this  material  in  terms  of  a  threshold  stress  for  flow  which 
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depends  quite  strongly  on  temperature 


In  the  course  of  our  work  on  dispersion  strengthening  of  aluminum 
by  mechanical  alloying  we  became  aware  of  Benjamin's  work  along  similar 
lines.  Since  that  time  INCO  has  developed  at  least  one  new  commercial 
alloy  (IN  9051)  based  on  the  mechanical  alloying  process. 

Prior  to  our  work  the  phases  responsible  for  the  strengthening  of  MA 
aluminum  were  not  known  with  certainty.  It  was  assumed  that  A^O^  would  be 
present  and  carbon  was  known  to  have  a  strengthening  effect.  We  conducted 
the  first  detailed  TEM  study  of  the  formation  of  dispersoid  phases  in  MA 
aluminum.  We  showed  that  the  phases  present  in  the  mechanically  alloyed 
state  are  amorphous  in  form  and  become  crystalline  only  after  heating.  The 
temperatures  required  for  ordinary  consolidation  (hot  pressing  or  hot  extrusion) 
are  sufficient  to  cause  the  particles  to  crystallize.  We  have  shown  that 
both  Y~Al2°3  and  Al^C^  are  Present  in  MA  aluminum  (processed  with  an  organic 
lubricant)  after  heating. 

Origin  of  Elongated  Grains  in  Recrystallized  OPS  Alloys 

A  considerable  amount  of  effort  has  gone  into  the  study  of  recrystallization 
of  ODS  alloys.  Our  own  approach  to  this  has  been  to  use  TEM  techniques  in  an 
attempt  to  discover  the  origin  of  elongated  grains.  During  the  past  year  our 
study  of  the  structure  of  as  hot-worked  MA  753  has  given  an  important  clue  to 
this  problem.  We  have  observed  embryos  in  the  hot-worked  material  which  have 
the  same  shape  and  orientation  as  the  large  grains  which  form  after  high 
temperature  annealing.  We  believe  this  will  allow  us  to  give,  for  the  first 
time,  a  mechanistic  description  of  the  origin  of  elongated  grains  in  ODS 
alloys.  More  details  on  this  work  are  given  in  Section  III  of  this  Report. 


III.  RESEARCH  REPORT  FOR  THE  PREVIOUS  YEAR  (1979-80) 

In  this  Section  of  the  Report  we  present  a  more  detailed  discussion 
of  some  of  the  research  results  obtained  during  the  past  year.  The  work 
described  hare  reflects  the  shift  in  emphasis  in  our  work  from  the  synthesis 
of  ODS  alloys  to  the  study  of  their  structure  and  mechanical  properties. 

This  change  in  direction  brings  to  a  close  our  work  on  the  synthesis  of  ODS 
alloys.  At  present,  all  of  our  work  is  being  conducted  on  commercially 
produced  materials. 

We  have  conducted  a  study  of  the  high  temperature  deformation  properties 
of  IN-9051,  a  dispersion  strengthened  Al-Mg  alloy  now  available  for  use  in  aircraft 
structures.  Our  attention  has  been  focused  on  the  interactive  effects  of  dispersion 
strengthening  and  solid  solution  strengthening  of  this  alloy.  Our  studies  of  the 
compression  flow  properties  of  this  alloy  indicate  a  variety  of  unusual  effects 
(negative  strain  rate  sensitivities,  serrated  flow,  threshold  stresses)  which 
need  to  be  understood.  During  the  past  year  we  have  developed  a  model  of  plastic 
flow  for  this  material  which  allows  us  to  explain  some  of  the  unusual  properties. 

In  particular,  we  have  shown  that  dislocations  should  lose  their  solute 
atmospheres  when  they  pass  particles  by  the  Orowan  mechanism.  This  is  caused 
by  the  very  high  dislocation  curvature  forces  that  occur  during  the  Orowan 
passing  process.  This  mechanism  helps  to  explain  why  dispersion  strengthened 
Al-Mg  alloys  are  weaker  than  Al-Mg  solid  solutions  above  the  Orowan  stress. 

We  have  long  been  interested  in  the  mechanisms  by  which  large  elongated 
grains  form  in  ODS  superalloys.  During  the  past  year  we  have  used  Transmission 
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Electron  Microscopy  to  study  the  grain  structure  in  as-hot  worked  and  annealed 
MA  753,  We  believe  we  have  observed  the  embryos  that  are  responsible  for 
germinative  grain  growth.  Very  small  needle  shaped  grains  aligned  parallel 
to  the  working  direction  and  having  as  <002>  crystallographic  axis  have  been 
found  in  as-hot  extruded  material.  These  small  grains  have  the  same  crystallo¬ 
graphic  orientation  and  shape  as  the  large  elongated  grains  that  form  on 
annealing.  Further  work  along  these  lines  is  expected  to  lead  to  a  direct 
observation  of  the  directional  recrystallization  process. 

Our  recent  work  has  suggested  that  diffusional  creep  may  be  of  some 
importance  in  creep  and  failure  of  ODS  alloys.  During  the  past  year  we  have 
developed  a  theory  for  diffusional  creep. that  applies  to  materials  having 
elongated  grains.  The  theory  is  general  in  that  it  considers  both  lattice 
diffusion  and  grain  boundary  diffusion  controlled  processes  and  applies  to 
solids  with  grains  of  any  length,  width  or  thickness.  This  theory  should  be 
of  use  to  us  in  our  future  work  on  diffusional  flow  effects  in  ODS  alloys. 


A.  A  Study  of  Dispersion  Strengthening  in  Class  I  Solid 


Solution  Alloys 
‘(W.  C.  Oliver) 

Virtually  all  research  that  has  been  done  to  date  on  dispersion 
strengthened  metals  has  dealt  with  materials  for  which  the  major  phase  is,  or 
behaves  like,  a  pure  metal.  A  common  approach  to  understanding  the  creep 
properties  of  such  dispersion  strengthened  "pure  metals"  i.~  to  assume  that  the 
particles  give  Vise  to  a  threshold  stress,  below  which  creep  essentially  does 
not  occur.  While  this  description  has  the  virtue  of  simplicity  and  is 
reasonably  accurate,  it  is  difficult  to  imagine  that  the  particles  could  have 
such  a  simple  effect  on  the  strain  hardening  and  recovery  processes  that 
occur  during  pure  metal-type  creep.  As  a  consequence,  the  origin  of  the 
threshold  stress  in  creep  of  dispersion  strengthened  metals  remains  unexplained. 

Although  the  creep  properties  of  dispersion  strengthened  pure  metals 
are  obviously  of  interest,  in  any  commercial  application,  the  dispersion 
strengthening  mechanism  will  be  combined  with  other  high  temperature 
strengthening  mechanisms.  In  particular,  some  form  of  solid  solution 
strengthening  would  be  a  natural  feature  of  any  dispersion  strengthened  alloy. 

Because  the  creep  properties  of  A1  -  3%  Mg  (a  solid  solution  alloy) 
are  reasonably  well  understood  in  terms  of  solute  drag  effects,  it  seems 
worthwhile  to  study  the  effects  of  dispersion  strengthening  in  this  regime. 

We  have  studied  the  creep  properties  of  A1  -  3%  Mg  which  contains  a  dispersion 
due  to  mechanical  alloying.  This  material  (designated  IN-9051)  has  been 
provided  by  the  International  Nickel  Company.  This  material  is  expected  to 
contain  MgO  particles  and  possibly  particles  of  Al^O^  and  A'*'4C3  *  Fi?ure  1 
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shows  the  temperature  compensated  -train  rate  as  a  function  of  the  modulus 
compensate-  steady  state  flow  stress  for  IN-9051.  These  data  are  the  results 
to  date  of  elevated  temperature  constant  crosshead  speed  compression  tests. 

A  Hewlett-Pa'ckard  9825  data  acquisition  system  in  conjunction  witn  an  Instron 
testing  machine  was  used  for  these  tests. 

There  are  two  stress  regions  depicted  in  Figure  1  (designated  as  A  and  B) . 

In  each  region  the  behavior  of  the  material  is  somewhat  different.  In  the 
following  discussion  it  will  be  convenient  to  describe  the  steady  state  flow 
behavior  with  an  equation  of  the  type 

I  -  *  <!>” 

In  region  A,  at  high  stresses,  the  stress  exponent  n  is  about  5  at  lower  stresses 
and  increases  at  higher  stress.  The  data  in  this  region  also  shows  that  at  a  given 
stress,  the  material  with  a  dispersion  appears  to  deform  faster  than  the  matrix 
material  without  a  dispersion  (solid  curve) .  This  suggests  that  the  material  is 
weakened  by  the  addition  of  the  dispersion.  It  is  interesting  to  note  that  the 
dispersion  strengthened  material  appears  to  follow  an  extension  of  the  climb 
controlled  portion  (dashed  line.  Fig.  2)  of  the  matrix  material  curve.  This 
indicates  that  the  presence  of  the  dispersoid  effectively  circumvents  the  micro¬ 
creep  glide  controlled  creep  mechanism.  The  temperature  dependence  of  the 
strain  rate  is  also  the  same  as  that  for  the  matrix  material;  that  is,  the 
temperature  dependence  of  lattice  diffusion.  It  is  also  important  to  note  that 
power  law  breakdown  occurs  at  approximately  the  same  stress  in  both  materials, 
indicating  that  the  low  temperature  strengthening  due  to  the  solute  is  un¬ 
effected  by  the  presence  of  the  dispersoid. 

At  the  boundary  between  regions  A  and  B  in  Fig.  1,  the  material  appears 
to  exhibit  a  very  high,  negative  stress  exponent.  However  in  the  strain  rate 
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regime  where  the  negative  stress  exponent  appears,  the  material  deforms 
inhomogeneous ly  by  the  formation  of  one  or  several  slip  bands.  This  plastic 
instability  is  an  indication  of  a  very  high  stress  exponent.  However, 
because  the  >deformation  is  inhomogeneous  the  small  stress  differences  that 
result  in  a  negative  stress  exponent  are  subject  to  question.  The  conclusions 
that  can  be  safely  drawn  from  the  data  are  that  at  the  boundary  between  the 
two  stress  regions  the  stress  exponent  is  very  large  and  that  the  position 
of  the  boundary  is  a  function  of  temperature. 

The  stress  exponent  in  region  B  of  Fig.  1  is  high  and  again  becomes 
very  high  near  the  boundary  between  the  two  regions.  One  also  observes  an 
increased  temperature  dependence  in  this  region.  The  high  stress  exponent 
is  indicative  of  the  effect  of  a  dispersoid  on  the  creep  properties  of  the 
material. 

From  this  preliminary  work  it  can  be  seen  that  some  characteristics 
of  each  of  the  strengthening  mechanisms  are  observed  when  they  operate 
simultaneously.  It  is  evident  that  their  interaction  is  interesting,  but 
cannot  be  explained  in  a  simple  manner. 

An  imx:>ortant  question  to  be  answered  is  how  the  presence  of  the 
dispersoid  can,  under  certain  conditions  eliminate  diffusion  controlled  glide 
as  a  rate  limiting  mechanism.  To  determine  how  this  might  occur  one  must 
consider  how  a  solute  saturated  dislocation  will  react  when  it  encounters 
dispersoid  particles  during  glide. 

Figure  2  shows  the  geometry  of  a  dislocation  line  that  has  just  passed 
a  particle.  If  the  stress  is  high  enough  the  particle  will  be  passed  by  the 
Orowan  bowing. and  the  angle  ©^  will  be  0.  However,  below  the  Orowan  stress 
this  will  not  occur  and  the  dislocation  must  climb  over  the  particle.  In 
this  case  ©3  >  0.  In  any  case  Fig.  2  is  general  for  a  dislocation  having  just 


passed  a  particle. 

Due  to  the  line  tension  of  the  dislocation  the  force  on  the  dislocation 
at  a  given  point  may  be  directly  related  to  the  curvature  of  the  line.  For 
this  reason  one  can  see  that  there  is  an  extremely  high  force  on  the  dis¬ 
location  at  point  A  in  Fig.  2.  If  the  dislocation  has  a  solute  atmosphere  it 
will  certainly  be  separated  from  it  at  this  point.  The  portion  of  the 
dislocation  that  breaks  free  from  its  atmosphere  will  move  ahead  with  a  much 
greater  velocity  than  the  saturated  portion.  This,  in  turn,  can  cause  the 
entire  dislocation  to  separate  from  its  atmosphere  by  un-zipping.  This  un¬ 
zipping  will  occur  only  if  the  energy  (E)  of  the  entire  dislocation  line 
decreases  with  an  increase  in  the  un-zipped  length.  That  is,  un-zipping  will 
occur  when 


dE 

an 


<  0  . 


(1) 


To  determine  if  this  condition  is  met  one  must  write  an  expression 
for  the  total  energy  of  the  system  as  a  function  of  un-zipped  length  and  differ¬ 
entiate  that  expression  with  respect  to  the  un-zipped  length  (or  some  parameter 
that  varies  directly  with  the  un-zipped  length) .  We  will  differentiate  with 
respect  to  the  angle  9^.  (See  Figure  1). 

The  expression  for  the  total  energy  for  a  given  value  of  0^  is 

E=re,  r  -2R9,  r  -  ATb  (2) 

2  o  1 

where  rQ  =  the  dislocation  line  energy  without  a  solute  cloud 
T  =  the  dislocation  line  energy  with  a  solute  cloud, 
and,  t  =  applied  shear  stress. 

If  we  differentiate  with  respect  to  9^  we  obtain 
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For  the  two  line  energies,  we  will  use  expressions  given  by  Friedel  [1] 
2 


r  =  H*. 

o  2 


(4) 


F  =  ro  "  C1  1  V  ri  /b 


(5) 


where  =  concentration  of  solute  at  the  dislocation  and  is  given  by  [2] 


C1  " 


(1-C  ) 

1  +  c  °- —  exp  [W^kT] 
o 


Vtf  =  The  binding  energy  between  the  dislocation  and  the  solute  atom 
M 

r^  =  The  radius  of  the  solute  cloud  (r^  -  b) 

C  =  Bulk  solute  concentration 
o 

k  =  Boltzmann's  constant 
T  =  Temperature . 


The  radii  which  appear  in  Eq.  (3)  are  given  by 
Tb 


r  = 


Tb 


(6) 

(7) 


From  the  geometry  shown  in  Fig.  2,  the  following  relationships  can  be 
obtained . 


de^  R  sin  (©1  +  ©3) 


de 


r  cos  62/2 


(8) 


e  © 

—  =  Rr  [(sin  —  )  (cos  0^+2  tan  —  sin  (9.^  +  ©3>)  ]  + 


(9) 


+  R  [sin  (©3  +  ©3)  (sin  (0^  +  ©3>  -  sin  ©3>  +  cos  ©3  -1  ] 
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Substituting  Eqs.  (4)  -  (9)  into  Eq.  (3)  yields  a  solution  for  the 


change  in  energy  for  a  change  in  ©^.  Figure  3  is  a  plot  of  the  results  of 
this  calculation  for  a  variety  of  applied  stresses  (expressed  as  percentage 
of  the  Orowan  stress) .  One  can  see  that  for  stresses  above  approximately  60% 
of  the  Orowan  stress  Eq.  (1)  is  satisfied  for  all  values  of  ©  .  Therefore,  at 
this  stress  or  at  higher  stresses  the  dislocation  will  be  completely  separated 
from  the  solute  atmosphere.  Figure  4  shows  the  lowest  stress  for  which  the 
un-zipping  condition  (Eq.  (1))  is  met  as  a  function  of  temperature.  For  all 
temperatures  this  stress  is  less  than  the  Orowan  stress. 

One  can  see  from  these  results  that  each  time  a  dislocation  passes 
a  particle  by  the  Orowan  mechanism  it  is  stripped  of  any  solute  atmosphere  it 
might  have.  A  conclusion  that  may  be  drawn  from  these  calculations  is  that 
above  the  Orowan  stress  the  presence  of  the  dispersoid  particles  does  not  allow 
the  maintenance  of  a  solute  atmosphere.  For  this  reason  diffusion  controlled 
glide  cannot  be  the  rate  limiting  process  at  stresses  above  the  Orowan  stress 
in  a  material  that  is  both  solute  and  dispersion  strengthened.  This  result 
explains  the  observed  behavior  of  the  material  in  region  A  of  Figure  1. 

We  are  presently  trying  to  model  the  behavior  of  this  material  in  the 
low  stress  region.  Below  the  Orowan  stress  the  particle  passing  mechanism 
must  be  one  of  climb  of  the  dislocation  over  the  particle.  The  model  being 
developed  will  consider  the  interaction  of  a  climb  process  with  solute  drag 
controlled  glide. 
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B. 


A  Study  of  the  Mechanism  of  Germinated  Grain  Growth  in  HA  753 


(J.  K.  Gregory) 

The  purpose  of  this  study  is  to  gain  an  understanding  of  the  fundamental 
mechanisms  oontrolling  abnormal  grain  growth  in  MA  753.  This  alloy,  like 
others  in  its  class  is  a  nickel-base  superalloy  but  is  distinguished  by  the 
addition  of  a  finely  dispersed  oxide  phase  (Ni-20  Cr-2.4  Ti  -  1.5  A1  - 
0.07  Zr-0.007  B-1.2  Y^O^) .  Consolidation  of  this  alloy  is  accomplished  by 
the  conventional  powder  metallurgy  processes  of  compaction  and  sintering 
followed  by  extrusion  or  hot-rolling.  Both  extrusion  and  rolling  impart  some 
directionality  to  the  structure  of  oxide  dispersion  strengthened  (ODS)  nickel 
alloys.  Subsequent  annealing  then  produces  a  coarse  elongated  grain  structure 
having  desirable  mechanical  properties.  It  is  hoped  that  an  understanding 
of  how  this  occurs  can  be  used  to  improve  and  extend  the  effects  of  this  type 
of  processing. 

The  experiments  performed  involved  both  optial  microscopy  and 
transmission  electron  microscopy  (TEM)  to  correlate  the  structure  observed 
at  high  magnifications  with  the  working  direction.  An  as-hot  extruded  and  hot-rolled 
bar  of  MA  753  was  cut  to  produce  slices  approximately  1.5  mm  (1/16")  thick. 

Two  orientations  were  chosen.  One  perpendicular  to  the  extruding  direction, 
and  the  other  perpendicular  to  the  short  transverse  direction.  These  pieces 
were  then  examined  in  the  as-received  condition  and  after  annealing  in  air  at 
1315°C  (2400°F)  for  ten  minutes.  TEM  specimens  were  prepared  by  mechanically 
grinding  the  pieces  to  250  urn  (10  mil)  thickness.  In  the  case  of  the  specimens 
cut  perpendicular  to  the  short  transverse  direction,  600  grit  surface  scratches 
were  made  parallel  to  the  extruding/rolling  direction.  Discs  were  cut  and  then 
electropolished  in  a  20%  perchloric  acid  80%  ethanol  solution  at  20  volts.  The 
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electropolishing  yielded  suitable  TF.".  specimens,  but  left  the  600  grit  scratches 
intact  at  the  edge.  The  optical  microscope  could  then  be  used  to  record 
the  shape  of  the  hole  and  orient  the  specimen  with  respect  to  the  working 

k 

direction.  A  picture  of  the  hole  was  also  taken  on  the  TEM.  Since  relative 
rotations  have  been  calibrated  for  the  TEM,  this  allowed  the  working 
direction  to  be  know  for  the  TEM  micrographs. 

An  example  of  a  TEM/optical  pair  is  shown  in  Fig.  5(a)  and  Fig.  5(b). 

By  comparing  the  shape  of  the  holes,  the  extruding  direction  (shown  by  the 
arrow  in  Fig.  5(a)  may  be  located  on  the  TEM  micrograph.  This  information 
turned  out  to  be  critical  in  the  interpretation  of  the  results.  In  Figs.  6  and  7, 
grains  of  very  high  aspect  ratio  are  visible  (appearing  dark) .  The  associated 
diffraction  patterns  show  that  the  long  dimension  of  these  grains  corresponds 
to  the  < 200>  direction,  and  that  the  normal  to  the  plan  is  <011>  .  The  large 

grain  show  in  Fig.  8  does  not  have  so  high  an  aspect  ratio  but  the  larger 
dimension  still  corresponds  to  the  <200>  direction.  However,  the  plane  normal 
in  this  case  is  <002>  .  In  all  cases,  when  the  relative  rotations  were  worked 
out,  it  was  found  that  the  working  direction  was  parallel  to  the  long  axis  of 
the  grain  and  thus  to  the  <200>  direction.  Similar  grains  were  found  in  other 
samples  cut  in  the  same  orientation.  Figure  9  shows  a  bright  field/dark  field 
pair  of  an  abnormal  grain  in  a  different  specimen.  Here  the  grain  is  aligned 
in  the  <200>  direction,  however,  the  plane  normal  does  not  correspond  to 
any  specific  crystallographic  direction.  It  is  logical  to  make  the  conjecture 
that  these  elongated  grains  present  in  the  as-hot  worked  condition  grow  into 
the  coarse  elongated  grains  upon  annealing.  Elsewhere  in  the  specimen,  the 
microstructure  was  like  that  shown  in  Fig.  10.  This  is  a  very  fine  micro¬ 
structure  of  grain  size  0.2  vim  and  with  no  preferred  orientation. 


Annealinq  at  1315°C  (2400°F)  for  10  minutes  produced  a  grain  si2e  of 
approximately  2  mm  by  0.6  mm,  so  that  TEM  specimens  were  essentially  one 
single  grain.  As  expected,  the  <200>  direction  of  this  grain  was  parallel 
to  the  extruding  direction.  This  supports  the  theory  that  the  abnormal 
elongated  grains  described  above  may  be  the  embryos  for  the  coarse  grains. 

A  bright  field/dark  field  TEM  pair  is  shown  in  Fig.  11.  Note  the  extensive 
twins  in  the  dark  field  picture.  Twinning  is  so  extensive  that  roughly 
half  the  structure  is  a  mirror  image  of  the  other. 
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C.  The  Effects  of  Grain  Shape  on  Nabarro-Herring  and  Coble 
Creep  Processes 
(W.  D.  Nix) 

It  is  well  known  that  the  high  temperature  creep  properties  of  some 
alloys  depend  sensitively  on  both  grain  size  and  grain  shape.  Perhaps 
the  most  dramatic  example  of  this  was  provided  by  Wilcox  and  Clauer  [3-4] 
who  showed  that  the  creep  strength  of  oxide  dispersion  strengthened  metals 
increases  markedly  with  both  grain  size  and  grain  aspect  ratio.  At  ordinary 
temperatures  and  stresses  creep  occurs  by  dislocation  motion  and  grain  boundary 
sliding,  and  the  effects  of  grain  shape  must  be  explained  in  terms  of  these 
mechanisms.  However,  at  very  high  temperatures  and  low  stresses,  below 
the  threshold  stress  for  dislocation  creep  [5] ,  diffusional 
creep  is  expected  to  dominate.  Whittenberger  has  provided  direct  evidence 
of  diffusional  creep  on  TD-Ni-20Cr  by  showing  that  particle  free  zones  form 
at  transverse  grain  boundaries  [6],  In  view  of  the  possible  importance  of 
creep  by  diffusional  flow  in  alloys  having  large  grain  aspect  ratios,  it 
seems  worthwhile  to  study  the  effect  of  grain  shape  on  diffusion  creep. 

In  the  present  work  we  analyze  Nabarro-Herring  creep  (lattice  diffusion 
controlled)  and  Coble  creep  (grain  boundary  diffusion  controlled)  for  the  case 
of  three  dimensional  grains  shaped  like  rectangular  parallelepipeds  and  packed 
together  in  the  manner  of  an  orthorhombic  lattice.  The  results  allow  one  to 
predict  the  diffusional  creep  rate  for  grains  of  any  length,  width  and 
thickness.  The  limiting  cases  of  grains  with  square  cross-sections  and  two 
dimensional  grains  are  also  studied. 

The  grain  geometry  to  be  considered  is  shown  in  Fig.  12.  For  reasons 


of  symmetry,  it  is  necessary  to  consider  only  one  octant  of  a  grain  having 
a  length,  L,  width,  W,  and  thickness,  H.  The  exposed  faces  of  the  parellelepiped 


represent  the  three  adjoining  grain  boundaries.  For  three  dimensional 

1/3 

grains  we  define  the  grain  size,  S,  as  S  =  (LWH)  and  use  two  grain  aspect 
ratios:  R^  =  L/H,  R^  =  L/W  to  define  the  shape. 

Lattice  Diffusion  Control 

An  exact  solution  for  the  diffusion  equation  has  been  obtained  for 
the  geometry  shown  in  Fig.  12  and  for  the  steady  state  flow  boundary  conditions. 
In  the  steady  state,  vacancies  are  uniformly  removed  from  the  transverse 
grain  boundary  and  uniformly  deposited  on  the  longitudinal  boundaries.  Also, 
the  distribution  of  tractions  on  the  boundaries  must  be  consistent  with 
the  applied  stress  state  (mechanical  equilibrium) .  The  general  solution  to 
this  problem  in  terms  of  the  grain  sizes  S  and  the  grain  aspect  ratios  and 
is 


e/e  = 
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(RlR,) 
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2  2 

R1  +  R2 

2  2 
i  +  r1  +  r2 


(10) 


where  e 

o 


12  dl  on 

- 2 -  is  the  usual  formula  for  Herring-Nabarro  creep. 

S  kT 


It 

a  square 


is  of  interest  to  consider  the  special  case  in  which  the  grains  have 
cross-section.  In  this  case  R^  =  R2  =  R  and  Eq.  (10)  reduces  to 


i/iQ  = 


2  R 


4/3 


1  +  2  R 


(ID 


-4/3 

Notice  that  t/cQ  'v  R  as  R  -*■  “  .  Thus  the  diffusional  creep  rate  decreases 

for  large  grain  aspect  ratios  as  expected.  It  is  also  interesting  to  note 
2/3 

that  e/£Q  'v  R  as  R  4  0  .  This  indicates  that  the  diffusional  creep  rate 
should  also  be  low  for  very  small  grain  aspect  ratios.  This  would  correspond 
to  testing  ODS  alloys  in  the  short  transverse  direction.  These  properties  are 
shown  in  Fig.  13. 
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It  is  also  possible  to  derive  a  special  formula  for  two  dimensional 
grains  from  the  general  solution.  For  the  case  in  which  W  -*■  »  ,  the  result 
is 


(12) 


where  S  in  is  now  defined  for  two  dimensional  grains  to  be  S  =  / LH  . 

For  large  grain  aspects  ratios  £/£q  ^  R  1  as  reported  by  Raj  and  Ashby  [7]  but 

for  very  small  aspect  ratios  £/£  'v  R  .  These  results  are  shown  in  Fig.  14. 

o  1 


Grain  Boundary  Diffusion  Control 

The  case  of  diffusional  creep  controlled  by  grain  boundary  diffusion 
has  also  been  solved.  Here  the  boundary  conditions  for  the  geometry  shown 
in  Fig.  12  are  the  same  as  discussed  above  but  the  governing  diffusion 
equations  are  different.  Diffusion  equations  are  written  for  each  of  the  three 
grain  boundaries.  They  allow  for  vacancy  diffusion  in  the  plane  of  the 
boundary  subject  to  the  condition  that  vacancies  are  either  uniformly  removed 
or  deposited  on  the  boundary.  A  general  solution  to  this  problem  leads  to 


oo 


11  R?  R1 
i  i  R?  Ri 
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where  c 


oo 
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k  T  S3 


is  the  usual  formula  for  Coble  creep. 


For  the  case  of  grains  having  a  square  cross-section  =  R  »  this 


reduces  to 


£/£  = 
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(14) 
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Notice  that  for  this  case  e/e  'v  R  for  large  values  of  R.  However, 

oo 

for  small  grain  aspect  ratios  e/e  approaches  a  constant  value  of  2.  This 

oo 

behavior  is  shown  in  Fig.  13. 

The  two  dimensional  result  can  also  be  found  by  letting  W  ®  . 

It  is 


00  /T  +  i//F 

where  again  we  have  used  the  two  dimensional  grain  size  S  =  /l  H 

-1/2 

Here  for  large  R,  t/e^  R  as  reported  by  Raj  and  Ashby  [7], 
1/2 

small  R,  £/£qq  %  R  •  These  properties  are  shown  in  Fig.  14. 
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oo 

but  for 


Throughout  this  work  we  have  treated  the  Nabarro-Herring  and  Coble  creep 
processes  as  separate  and  independent.  It  is  common  practice  to  express  the 
total  diffusional  creep  rate  as  the  sum  of  these  two  terms.  As  discussed  by 
Spingarn  and  Nix  [8] ,  this  procedure  is  not  strictly  valid  since  the  two 
solutions  cannot  be  satisfied  simultaneously.  To  underscore  this  point,  we 
have  chosen  not  to  combine  the  two  results  in  this  work. 
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Figure  10.  Bright  field  end  ring  diffraction  pattern  showing  a  typical 
nicrostructure  of  as  hot-worked  MA  753.  Grains  are  roughly 
0.2  pm,  equiaxed,  and  randomly  oriented. 


Figure  11.  Bright  field/dark  field  pair  from  annealed  MA  753.  Extensive 
annealing  twins  are  present.  Dark  field  obtained  with  <200> 
reflection.  120  kV. 
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Figure  14.  Effect  of  grain  aspect  ratio  on  Nabnrro-Herring  and 
Coble  creep  for  two  dimensional  grains. 
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